Group II introns are self-splicing RNAs that are frequently assumed to be the ancestors of spliceosomal introns. They are widely distributed in bacteria and are also found in organelles of plants, fungi, and protists. In this study, we present a broadscale phylogenetic analysis of group II introns using sequence data from both the conserved RNA structure and the intron-encoded reverse transcriptase (RT). Two similar phylogenies are estimated for the RT open reading frame (ORF), based on either amino acid or nucleotide sequence, whereas one phylogeny is produced for the RNA. In making these estimates, we confronted nearly all the classic challenges to phylogenetic inference, including positional saturation, base composition heterogeneity, short internodes with low support, and sensitivity to taxon sampling. Although the major lineages are well-defined, robust resolution of topology is not possible between these lineages. The approximately unbiased (AU) and Shimodaira-Hasegawa topology tests indicated that the RT ORF and RNA ribozyme data sets are in significant conflict under a variety of models, revealing the possibility of imperfect coevolution between group II introns and their intron-encoded ORFs. The high level of sequence divergence, large timescale, and limited number of alignable characters in our study are representative of many RTs and group I introns, and our results suggest that phylogenetic analyses of any of these sequences could suffer from the same sources of error and instability identified in this study.
Introduction
Understanding the origin and evolution of introns is a fundamental issue in biology, but the topic is difficult to study due to the antiquity of introns and the lack of sequence conservation. Of the four known types of introns (spliceosomal, bulge-helix-bulge [BHB] , group I, and group II), spliceosomal introns are studied the most intensively as they are the major introns found in eukaryotes. Based on their ubiquity and the presence of splicing machinery across eukaryotic lineages, spliceosomal introns are thought to be at least as old as the last common ancestor of extant eukaryotes (Collins and Penny 2005; RodriguezTrelles et al. 2006) .
Interestingly, there is no evidence for a common evolutionary origin among intron types, with the exception of spliceosomal and group II introns. These introns have identical splicing pathways and share similarities in RNA motifs that are critical to splicing. It is widely believed that group II introns gave rise to spliceosomal introns, through the fragmentation of the group II intron RNA structure into the snRNAs of the spliceosome (Sharp 1991) , although this idea is not universally accepted (Weiner 1993) . One recent hypothesis even proposes that rampant spread of group II introns in a pre-eukaryotic ancestor was the driving force for the proliferation of spliceosomal introns and the origin of the nucleus itself (Martin and Koonin 2006) .
In addressing intron evolution, intron sequences would appear to be poor candidates for phylogenetic inference. Spliceosomal and BHB intron sequences are too short and variable to yield sufficient characters for analysis (Burge et al. 1999; Marck and Grosjean 2002) . Group I and group II introns, however, are more promising. Because they are complex catalytic RNAs (ribozymes) that fold into conserved secondary structures, a substantial length of their sequence is alignable. The group I ribozyme typically consists of 250-500 nt, and phylogenies using these sequences have frequently been employed to infer relationships among introns (Bhattacharya et al. 1994; Hibbett 1996; Besendahl et al. 2000; Borsch et al. 2003; Simon et al. 2003 Simon et al. , 2005 Haugen, Wikmark et al. 2005) . Group II ribozymes have even lengthier sequences of usually more than 500 nt, but phylogenetic analyses have not been utilized on a large scale across group II intron classes.
In addition to the ribozyme sequences, many group I and group II introns harbor open reading frames (ORFs) for intron-encoded proteins (IEPs). For group I introns, the IEPs belong to one of four classes of nucleases. The nucleases are mobile elements in their own right and are frequently transferred horizontally between introns (Burt and Koufopanou 2004; Haugen, Simon, and Bhattacharya 2005; Haugen, Wikmark, et al. 2005) . Thus, the IEPs found in group I introns clearly cannot be used to track the evolutionary history of the intron over a long period of time. In contrast, the IEPs of group II introns show evidence of having coevolved with the ribozyme because each phylogenetic class of ORF is associated with a distinct ribozyme subclass (Fontaine et al. 1997; Toor et al. 2001; Simon et al. 2008) . Hence, the intron-encoded ORF provides an additional set of characters that can be used to follow intron evolution. This property alone makes group II introns the most amenable to phylogenetic analysis of the four intron types.
The RNA secondary structure of group II introns consists of six domains (DI-DVI) arranged around a central wheel. The intron is further organized structurally by tertiary base pairings, some of which are shown in figure 1A (Lambowitz and Zimmerly 2004) . Three classes of RNA secondary structures have been established based on characteristic features (IIA, IIB, and IIC) and additional subclasses describe specific structural variations (i.e., IIA1, IIA2, IIB1, and IIB2; Toor et al. 2001; Lambowitz and Zimmerly 2004) .
The IEPs of group II introns, when present, are encoded within the loop of DIV of the RNA secondary structure ( fig. 1A ). The protein is multifunctional and facilitates splicing of the intron RNA (maturase activity) as well as retromobility of the intron to new genomic sites (Lambowitz and Zimmerly 2004) . Consistent with these roles, the IEP includes domains for reverse transcriptase (RT), maturase/splicing (X), DNA-binding (D) , and sometimes endonuclease (En) activities ( fig. 1B) . The D and En domains are absent or unalignable for many introns, whereas the RT and X domains are invariably present. Phylogenetic analysis of RT and X domains has resulted in classification of the ORFs into several groups (A, B, C, D, E, F, chloroplast-like 1 [CL1], chloroplast-like 2 [CL2], and mitochondria-like [ML]; Zimmerly et al. 2001; Toro et al. 2002; Simon et al. 2008) .
Among bacterial introns, the overwhelming majority have standard ORF and RNA structures and are expected to have self-splicing and retromobility properties (Simon et al. 2008) . However, introns in mitochondria and chloroplasts frequently possess irregularities that suggest loss of self-splicing and/or mobility properties. Organellar introns often do not encode ORFs, and when present, they sometimes lack motifs required for RT activity. In addition, the RNA structures are frequently degenerate or unusual: For example, none of the approximately 40 organellar introns in plants are known to self-splice (Toor et al. 2001; Barkan 2004 ). To compensate for such splicing defects, many host-encoded splicing factors are known to facilitate the splicing of mitochondrial and chloroplast introns in vivo (Lehmann and Schmidt 2003; Barkan 2004) .
The retroelement ancestor hypothesis has been put forth as a model for understanding group II intron evolution, diversity, and distribution (Toor et al. 2001 ). This hypothesis proposes that all extant group II introns have arisen from a single lineage of retroelements (i.e., catalytic RNAs encoding RTs) in a bacterial ancestor and that the many modifications of group II intron structures found in organellar genomes represent various stages of degeneration. The hypothesis is supported by previous studies that found each ORF class to be associated with a distinct secondary structure, suggesting a history of coevolution between the ORF and RNA (Fontaine et al. 1997; Toor et al. 2001 ). The general concordance of RNA structural classes and ORF phylogeny, coupled with the phylogenetic distribution of ORF-containing and ORF-less introns, is most easily explained by a retroelement origin in bacteria, followed by spread into organelles and subsequent intron degeneration in multiple ways (Toor et al. 2001; Zimmerly et al. 2001; Simon et al. 2008) .
Due to the outstanding questions about group II intron origin and diversification and their putative links to FIG. 1.-Group II intron structure. (A) General RNA secondary structure for IIA introns, depicting six conserved domains (DI-DVI). The regions used in phylogenetic analyses are shown in gray, with the associated numbers indicating the number of nucleotides in the final alignment (138 in total). Tertiary interactions that were used in the alignment are indicated by Greek symbols and boxes. (B) A depiction of the IEP with the domains labeled (RT [0] [1] [2] [3] [4] [5] [6] [7] , X, D, and En). Regions used in the phylogenetic analyses are shown at the bottom as thick gray lines with numbers indicating the number of amino acids used from each region (230 in total). The En domain is not included because it is not present in all intron classes, whereas the D domain is not conserved in sequence.
2796 Simon et al. spliceosomal introns, we set out to produce a well-sampled phylogeny of group II introns. We sought to improve upon previous phylogenetic studies by taking advantage of both ORF and RNA sequence data. In addition, by comparing the evolutionary histories of ORF and RNA sequences, the underlying assumption of the retroelement ancestor hypothesis (i.e., coevolution) can be tested.
Here we present the most comprehensive phylogenetic analysis of introns to date. Although we find each ORF class to be a robust clade, relationships among classes are ambiguous. In exploring the source of this ambiguity, we discovered that the sequence data are prone to many classic problems in phylogenetic inference, including saturation, base composition heterogeneity, a poorly supported backbone for the topologies, and probable random error. In addition to addressing questions about group II intron evolution, the work has implications for phylogenetic analysis of other intron and RT data sets, which are likely to suffer from the same problems as those of group II introns.
Materials and Methods

Sequence Alignment and Taxon Sampling
Sequences of the intron-encoded ORF were aligned first at the level of amino acids using ClustalW (Thompson et al. 1994) . Manual adjustments were made in BioEdit 5.0.9 (Hall 1999 ) based on the identification of seven conserved domains and alignment of conserved amino acids within these domains. Specifically, the seven domains ( fig. 1B ) were previously identified in a variety of RT sequences including retroviruses, caulimoviruses, long terminal repeat (LTR) retrotransposons, hepadnaviruses, non-LTR retrotransposons, group II introns, retroplasmids, and retrons (Toh et al. 1983; Xiong and Eickbush 1990; Eickbush 1994) . Two additional subdomains (0 and 2a) that are conserved in a subset of RT types were also used, as well as a portion of the group II intron-specific domain X ( fig. 1B ; Malik et al. 1999; Zimmerly et al. 2001) . The resulting amino acid alignment was used as a scaffold for a nucleotide alignment using the program RevTrans 1.4 (Wernersson and Pedersen 2003) .
To construct the intron RNA alignment, conserved secondary structure elements were delimited to provide the basis for manual sequence alignment. Estimates of positional homology were derived from the base-paired positions in the secondary structures (e.g., Kjer 1995; Hickson et al. 1996; Kelchner 2002) , as well as the predicted tertiary pairing interactions between noncontiguous sequences ( fig. 1A ; Toor et al. 2001) . All characters for which positional homology could not be estimated in this way were excluded. The ORF alignment consists of 230 amino acids (690 nt) and the RNA alignment of 138 nt. Full-length introns in the data set have an average size of 2.2 kb, of which 1.5 kb is the ORF. The regions of the ORF and RNA used for phylogenetic analyses are shown in figure 1 , and the alignments and trees have been submitted to TreeBASE.
In order to choose taxa for subsequent analyses, a preliminary phylogenetic analysis was performed on an amino acid alignment of 183 bacterial group II introns from our database (Dai and Zimmerly 2003) . Bayesian inference (mixed model: 3,000,000 generations, trees sampled every 100 generations) using the program MrBayes was used (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . Based on the resulting preliminary tree, a subset of 73 introns (supplementary table 1, Supplementary Material online) was selected for use in subsequent analyses, in order to reduce computational time. Taxa were chosen to represent the diversity of group II introns, with many closely related intron sequences omitted. All selected introns encode a full-length RT without frameshift mutations.
Data Quality
In order to assess the level of saturation for nucleotide data sets, uncorrected pairwise distances were plotted against model-corrected distances (Philippe et al. 1994) . The model and parameters used to calculate maximum likelihood (ML) distances were selected using the Akaike information criterion (AIC) as implemented in Modeltest 3.7 (Posada and Crandall 1998; Posada and Buckley 2004) , and the calculations were performed in PAUP* 4.0b10 (Swofford 2002) . The chi-square test of homogeneity, as implemented in Tree-Puzzle, was used to evaluate data sets for potential violations of base composition stationarity (Schmidt et al. 2002) . The ORF nucleotide data set was partitioned in a variety of ways, with each codon position evaluated separately, positions 1 þ 2 evaluated together, and with all codon positions combined. The test was also repeated using the above data sets with only variable sites.
Phylogenetic Analyses
In all cases, ambiguously aligned characters were excluded from the data sets before analysis. Bayesian analysis was performed using the parallel version of MrBayes 3.1 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003; Altekar et al. 2004) . For each data set, four independent runs were completed, with 50 million generations for nucleotides or 20 million generations for amino acids. Trees were sampled every 1,000 generations, and a 50% majority-rule consensus tree was calculated using the last 10,000 trees for each of the two runs. The two consensus trees were then compared for changes in topology and/or posterior probability differences, which could indicate that the chains had not converged. Topologies were identical in all cases, and only minor changes in posterior probabilities were found. In addition, convergence was assessed by examining the average standard deviation of split frequencies between runs (always less than 0.01) and the potential scale reduction factor for each parameter (always between 1.00 and 1.01) as recommended in the MrBayes manual.
Additional types of analyses were performed in order to investigate the influence of different analytical methods on our results. In the first type of analysis, the program PhyML was used to obtain maximum likelihood trees, as well as bootstraps for nucleotide and amino acid data sets using the models outlined below (Guindon and Gascuel 2003) . For models including gamma, four rate categories were used.
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Two types of analyses were calculated in PAUP* 4.0b10 using equal-weighted maximum parsimony (MP) and minimum evolution (ME) with LogDet/paralinear distances for nucleotide data sets (Swofford 2002) . Heuristic searches used a starting tree obtained with random addition (with 100 repetitions to find the optimal tree and 10 repetitions for each bootstrap data set) and Tree BisectionReconnection branch swapping. The LogDet/paralinear trees were based only on parsimony informative sites in order to avoid problems associated with invariant and saturated sites (Lockhart et al. 1994; Foster and Hickey 1999) .
Model Selection
Model choice and parameter estimates for phylogenetic analyses were guided by the AIC as implemented in Modeltest (for nucleotides) or ProtTest (for amino acids; Posada and Crandall 1998; Abascal et al. 2005) . Invariably, the best-fit models were parameter rich (supplementary table 2, Supplementary Material online). In the case of the amino acid data set, the model with the lowest AIC score was RtREV þ G þ I. In Bayesian analysis, the fixed rate model was estimated in MrBayes (aamodelpr 5 mixed). This allows new models to be proposed in the course of the analysis, with multiple models potentially contributing to the posterior distribution of trees. The RtREV model was in agreement with the results of the mixed-model approach in MrBayes. This is not surprising, given that the RtREV model was developed using retroviral pol genes, which code for RT proteins (Dimmic et al. 2002) .
For the DNA data sets, the general time reversible (GTR) þ G þ I model was among the best-fit models for all data partitions. Specifically, for the partitions of all codon positions and second codon positions, a single model was found having substantial support (GTR þ G þ I). (Following the guidelines of Kelchner [forthcoming], we use AIC differences [D i ] 4.) For the 1 þ 2 codon positions data set, two similar models were compatible
The ribozyme (RNA) portion of the intron was also analyzed, and in this case, three similar models were adequate among candidate models
Based on the parameter-rich nature of these selected models (all are modified versions of the GTR model), the expectation that Bayesian methods are less sensitive to overparameterization (Erixon et al. 2003; Lemmon and Moriarty 2004) and the recommendations of Huelsenbeck and Rannala (2004) , the GTR þ G þ I model was used for Bayesian analyses of all data partitions.
Topology Tests
The approximately unbiased (AU) and ShimodairaHasegawa (SH) topology tests as implemented in CONSEL (Shimodaira and Hasegawa 2001; Shimodaira 2002 ) were used to compare ORF and RNA trees. The default number of RELL bootstrap replicates (10 sets of 10,000) was used to calculate P values. These tests were performed using two tree sets. The first set consisted of topologies derived from Bayesian consensus trees from the ORF 1 þ 2 positions and RNA data sets. In order to investigate the effect of tree number on these tests, they were repeated using a larger set of trees. The second tree set included the two trees described above, as well as a number of additional trees. These additional trees were obtained by moving each ORF class to all possible positions (without disrupting the monophyly of another class) on the ORF 1 þ 2 positions consensus tree. For the purposes of constructing this tree set, CL introns were considered to be a single class. In total, there were 42 trees in the second tree set. Site-by-site likelihoods were calculated in PAUP* 4.0b10 (Swofford 2002) using the model with the lowest AIC score (see Model Selection above, supplementary table 2, Supplementary Material online) and the associated parameters inferred from Modeltest (Posada and Crandall 1998) , as well as from the Jukes and Cantor (JC) model (1969) . The JC model has the fewest number of parameters among the commonly employed models and was used to investigate whether the AU and SH test results were robust to model choice. The tests were also performed using likelihoods calculated from two different data sets (ORF 1 þ 2 positions and RNA).
Results
Selection of Bacterial Introns
In undertaking a broadscale phylogenetic analysis of group II introns, we focused on introns found in bacteria for two reasons. First, bacterial group II introns almost always encode a ;1.5-kb ORF with alignable RT motifs, whereas many organellar group II introns lack an ORF or have degenerate ORFs (e.g., premature stop codons, unalignable RT subdomains) or RNA structures (Toor et al. 2001; Lambowitz and Zimmerly 2004) . Together, the ORF and RNA irregularities of organellar introns reduce the number of alignable characters and make them less tractable to phylogenetic analysis. A second justification for focusing on bacterial introns is that they are more diverse phylogenetically than those found in organelles: There are bacterial representatives in each recognized ORF class, whereas organellar introns are found only in the classes mitochondrial-like, CL1, and CL2 (Toor et al. 2001; Zimmerly et al. 2001 ). This would suggest that it is possible to adequately represent the phylogenetic diversity of group II introns using bacterial introns.
The bacterial introns used in this study were selected based on a preliminary phylogenetic analysis of all available bacterial group II intron ORFs (see Materials and Methods). Based on this tree, subsets of 58-73 introns were chosen to represent the diversity of group II introns in the various analyses of this study (supplementary tables 1-4, Supplementary Material online).
Phylogeny of Group II Introns Based on ORF Amino Acid Sequences
Phylogenetic analyses of ORF sequences were done using a variety of methods, including Bayesian inference, maximum likelihood, and MP. Trees were rooted with class C introns because a variety of phylogenetic studies including other retroelements (non-LTR retrotransposons, retroplasmids, and retrons) consistently identified class C introns as the earliest diverging group II intron lineage, although frequently without support (Rest and Mindell 2003 ; D.M.S., S.Z., unpublished data). Due to the large degree of sequence divergence between group II and outgroup RTs, this choice of a root should be viewed as a hypothesis.
The phylogeny estimations support the existence of six previously described classes (B, C, D, E, CL, and mitochondrial-like) and confirm the recent findings of the new class F ( fig. 2A ; [Simon et al. 2008] ). The CL group is a particularly large and diverse clade. Although two subclasses within the CL lineage have been proposed previously , the results here are congruent with more recent work (Simon et al. 2008 ) that suggests four distinct lineages of ORFs (CL1 A , CL1 B , CL2 A , and CL2 B ). Relationships between the major classes are less clear as the deeper branches of the tree are unresolved. The sister relationship of classes B and mitochondrial-like, while not having strong statistical support (i.e., ,0.95 posterior probability, ,75% bootstrap), has been found in other amino acid analyses using larger data sets (215 intron-encoded ORFs; data not shown), as well as under a variety of methods (Bayesian inference analysis, maximum likelihood, and MP). The relationship is sometimes supported by high posterior probabilities (!95%) and/or bootstrap values (!75%; Simon et al. 2008 ; D.M.S., S.Z., unpublished data; see below).
Effects of Taxon Sampling for the Amino Acid Data Set
In the course of analyses, it was discovered that the amino acid phylogenies are sensitive to taxon sampling. Similar sets of introns often produced different tree topologies, sometimes with statistical support for the conflicting nodes. In particular, the relationships between classes B, mitochondrial-like, and E are unstable. For example, figure 3A shows three topologies generated by different taxon sets (supplementary table 3, Supplementary Material online). In taxon sets 1 and 3, B and mitochondrial-like are monophyletic, but only in taxon set 1, does this relationship have a high posterior probability (0.96). In contrast, B and mitochondrial-like are not sister clades in the tree derived from taxon set 2. One possible explanation for the sensitivity of amino acid trees to changes in taxon sampling is that the small number of characters (230 amino acids) makes the analysis especially susceptible to stochastic error. To compensate for this effect, we explored the use of nucleotide data sets, which have a greater number of characters.
Phylogeny Based on ORF Nucleotide Sequences
Nucleotide data sets of the IEP ORF were assembled and partitioned by codon position to allow separate analyses of all three codon positions, positions 1 þ 2, or second positions only. For reasons described below (Quality of the Nucleotide Data Set: Mutational Saturation), we believe the most appropriate data set is that of codon positions 1 þ 2 and most analyses used that partition.
Like the phylogeny based on amino acids, the nucleotide tree shows generally strong support for each of the ORF classes ( fig. 2B ), including the four CL subclasses (class B is the exception, but see Simon et al. [2008] , and below). Again, between-class relationships are not strongly supported; Nevertheless, there is support for mitochondrial-like and E being a monophyletic group that is sister to class B. These relationships have high posterior probabilities but poor bootstrap values ( fig. 2B ). Other differences between the trees include the positions of classes D and F and several minor differences within classes. The topological differences, however, do not have strong support on both amino acid and nucleotide trees and therefore do not constitute substantial conflicts between the trees.
Phylogenies constructed from nucleotide data sets are less sensitive to taxon sampling than the corresponding amino acid trees; Hence, we recover a more robust topology when treating ORF data as nucleotide characters rather than amino acid characters. All three taxon sets result in identical topologies at the detail shown in figure 3 , and this topology is consistent with analyses of additional taxon sets (data not shown). The nucleotide trees differ from the amino acid topologies most notably in taxon sets 1 and 3. Differences include the relationships of classes B, E, and mitochondriallike, the relationship between D and F, and the relationships of CL1 A , CL1 B , CL2 A , and CL2 B . We conclude that the nucleotide ORF trees are more robust to changes in taxon sampling than the amino acid ORF trees.
Quality of the Nucleotide Data Set: Mutational Saturation
Although the nucleotide data sets produced more consistent topologies than amino acids, nucleotide data sets are by nature more prone to particular phylogenetic artifacts, specifically mutational saturation and composition heterogeneity. In the case of saturation, artifacts result when multiple mutations obscure the true evolutionary history and mislead the phylogenetic analysis. In order to address this issue, we assessed saturation in the data set using the method of Philippe et al. (1994) . In the plots shown in figure 4 , saturation is indicated by a plateau, where the number of inferred substitutions (corrected distances, x axis) exceeds the number of observed substitutions (uncorrected distances, y axis), which indicates multiple substitutions for that position. The plots reveal substantial saturation in the third position partition, with progressively less saturation for the first and second positions. It is likely that the third position data are uninformative and, in the worst case, may be misleading.
To examine whether the saturated positions affected the tree topology, we compared the topologies for data sets 5) . Interestingly, the tree based on only first and second positions is essentially identical in topology to the all-positions data set, while having slightly lower support values. Similarly, the secondpositions data set produced a largely congruent tree, the only difference being that class B is no longer monophyletic. The two clades that make up class B form a deep split on every tree (e.g., fig. 2 ), making it possible that the ORFs of B.c.I5 and G.k.I1 actually represent a distinct group (see also Simon et al. [2008] ). In summary, removing the characters with the greatest degree of saturation does not significantly alter tree topology.
As a general rule, the posterior probabilities modestly increase with the number of characters (i.e., all-positions . positions 1þ2 positions . second positions; fig. 5 and data not shown). This is an unexpected observation given the high level of saturation for third codon positions. Although it might indicate that these positions still contain phylogenetic information for the deeper nodes, it seems more likely that the increases are examples of artificial inflation of posterior probabilities, given that they are largely restricted to short internodes. This tendency has been frequently observed in other studies, with short internodes being particularly susceptible (Suzuki et al. 2002; Alfaro et al. 2003; Douady et al. 2003; Erixon et al. 2003; Lewis et al. 2005 ).
Quality of the Nucleotide Data Set: Base Composition Heterogeneity
Variation in base composition between taxa can mislead phylogenetic analyses and result in taxa with similar base compositions being grouped together regardless of evolutionary history (Hasegawa and Hashimoto 1993; Lockhart et al. 1994; Chang and Campbell 2000; Conant and Lewis 2001; Tarrio et al. 2001 ). Base composition heterogeneity is often manifested as variable GC content across taxa, which is thought to reflect differences in underlying mutational biases and/or selective pressure (Mooers and Holmes 2000) . In fact, we do find that individual ORFs show a wide range of GC content, with third codon positions having the greatest variation (22-80%), followed by first positions (41-69%) and second positions (28-47%; supplementary table 1 and fig. 1 , Supplementary Material online). These observations are consistent with the levels of saturation at the three codon positions, with the third positions being most affected and second positions the least.
Another means of identifying base composition heterogeneity is the chi-square test of homogeneity, although it is a conservative test by nature because it does not take into account shared phylogenetic history (i.e., the degrees of freedom are overestimated; Buckley et al. 2001 ). The chi-square test is more sensitive than observations of GC content because it can detect additional types of heterogeneity (e.g., if G þ C 5 50% but G Z C). Using the chisquare test with the set of all ORFs, it was found that both the first position (P 1.0 Â 10 À8 ) and third position (P 1.0 Â 10 À8 ) data sets rejected the null hypothesis of nucleotide homogeneity, whereas the second position data set did not (P 5 0.93). In addition, most of the individual ORFs (74%) failed the chi-square test for nucleotide homogeneity at third codon positions (P 0.01), whereas 19% of the ORFs exhibit significant heterogeneity at first codon positions and only 1% at the second positions (supplementary table 1, Supplementary Material online). Again, this pattern is consistent with the levels of saturation and GC content at the three codon positions, with the third position having the greatest variability and being the most likely to mislead phylogenetic analyses.
In order to investigate whether base composition heterogeneity affected our phylogenetic results, we did several analyses to reduce its effects in the data set. First, we repeated the analysis using the ME method with LogDet/ paralinear distances, a method designed to allow for nonstationarity in base composition among sequences (Lake 1994; Lockhart et al. 1994; Steel 1994) . Trees constructed using this method have only modest differences, none of which involve strongly supported nodes; further, most topological changes are minor ones within classes (data not shown). An additional approach to address the effects of base composition heterogeneity was to repeat phylogenetic analyses on a 1 þ 2 positions data set in which the 21 introns that failed the chi-square test for the first codon position (P , 0.05) were removed (supplementary table 1, Supplementary Material online). This revealed a potentially important topological difference, in which class B introns are placed sister to class CL introns, with a posterior probability of 0.98, PhyML bootstrap value of 71, and MP bootstrap value of ,50 (data not shown). The observation could be an indication of sensitivity to base composition heterogeneity; however, such a conclusion is not definitive because the omitted sequences were not evenly distributed, and class B representatives were reduced from eight to two. Altered taxon sampling, therefore, might also explain the result, particularly given that we do not find this B þ CL relationship in any of the LogDet trees.
Finally, we considered the trees constructed from data sets partitioned by codon position. As noted above, the tree topology is equivalent for the all-positions and 1 þ 2 positions data sets, indicating little effect from the exclusion of the codon position with greatest heterogeneity ( fig. 5A and  B) . On the other hand, there is a topological change for the second-positions data set, which does pass the chi-square test of base composition homogeneity ( fig. 5C ). This tree differs from the first-and second-positions data set in that class B is no longer monophyletic; however, the topology is distinct from the above analyses. It is possible that the observed differences in the second-positions data set are simply due to a reduction in number of characters rather than reduced base composition heterogeneity.
Although it is apparent that the nucleotide data set suffers from saturation and base composition heterogeneity, we conclude that there is no clear evidence that this has misled the phylogenetic analyses. The greatest uncertainty concerns the relationship of B and CL, which were monophyletic with support when introns with heterogenous base compositions were removed. This relationship, however, was not seen in alternative topologies using different data sets and methods, and we note that the inconsistency could be due simply to an artifact of analysis related to taxon sampling.
RNA Phylogeny
An RNA phylogeny was constructed using 138 characters aligned according to the secondary structures of the introns. When tested for saturation and nucleotide heterogeneity, it was found that the aligned RNA positions exhibit a somewhat different pattern than the ORF data. Specifically, there is no evidence for base composition heterogeneity across taxa using the chi-square test (P 5 0.68); this is true despite a saturation level comparable to ORF codon position one ( fig. 4) and a rather large range of GC content (44-68%) found across introns (supplementary table 1 and fig. 1, Supplementary Material online) .
As might be expected, trees based on RNA alone have very little structure beyond class designation ( fig. 6A ). Trees constructed using multiple methods (MrBayes, PhyML, and MP) always recover a minimum of seven clades representing classes B, C, D, E, CL1, CL2, and mitochondrial-like. The only exception of a class not FIG. 6 .-Comparison of intron RNA and ORF phylogenies. Consensus trees (50% majority rule) were constructed from two Bayesian runs (GTR þ G þ I, 50,000,000 generations, sample every 1,000 trees, burn-in of 40,000 trees). Panel (A) shows the RNA phylogeny, which is based on 138 nt, and panel (B) is the corresponding ORF phylogeny (first and second codon positions; 460 nt; same as figs. 2B and 5B). Thick lines indicate nodes with posterior probabilities !0.95 and at least one bootstrap value !75. Bootstrap analyses were done using the following methods: PhyML (GTR þ G þ I), MP, and ME with LogDet transformation.
Phylogeny of Bacterial Group II Introns 2803 always being monophyletic is F. Although a variety of between-class topological differences are seen when different methods are used, none of these differences are even moderately supported by bootstraps or posterior probabilities (data not shown). For example, on the PhyML tree, the between-class node having the highest posterior probability (0.55) unites B, CL1, and CL2. This node is not present on the Bayesian tree, and the alternate topology (monophyletic group of B, F, and mitochondrial-like) has a posterior probability of only 0.51. Given the small number of characters used in these analyses and the consequent susceptibility to stochastic error, the differences do not appear significant.
Comparison of ORF and RNA Phylogenies
One of the goals of this study was to utilize combined sequence data from ORFs and RNAs to obtain increased resolution for a group II intron phylogeny. This approach was suggested by previous observations of probable coevolution between ORF and RNA (Fontaine et al. 1997; Toor et al. 2001) . Although a general pattern of coevolution is still evident in our analyses, conflict between the RNA and ORF signals is certainly present. In all RNA trees constructed ( fig. 6A and data not shown), there is one strongly supported CL1 class and another strongly supported CL2 class. In contrast, CL ORFs seem most appropriately classified into four groups that do not strictly agree with the CL1 and CL2 RNA clades (figs. 2 and 3-6B).
To examine more rigorously whether the ORFs and RNAs strictly coevolved, we employed topology tests. Both the AU and SH topology tests indicate a significant difference between the RNA versus ORF (1 þ 2 positions) topologies that represent Bayesian consensus trees (table 1) . This is true whether the JC or GTR þ G þ I model is used to derive the site-by-site likelihoods for each data set. Comparison of only two trees is not ideal for the SH test because the method is most appropriate for a full range of candidate trees (Goldman et al. 2000) . Therefore, the SH tests were repeated with an expanded set of reasonable alternative topologies (see Materials and Methods). In this broader analysis, the ORF and RNA topologies are also found to be significantly different, and we conclude that there appears to be true conflict between the ORF and RNA phylogeny estimations. The cause of this conflict is of interest and may be due to either convergent evolution of sequence in the RNA structures or a lack of strict coevolution between the RNA ribozyme and the IEP (see Discussion). In any case, the result indicates that it is not appropriate to combine ORF and RNA data sets into a single analysis.
Discussion
Phylogeny of Group II Introns
In this study, we have analyzed the phylogeny of group II introns using sequences of both the RT ORF and the ribozyme. Our analyses produced one phylogenetic hypothesis for the evolution of the ribozyme and two phylogenetic hypotheses for the evolution of group II intron ORFs, based on either amino acids or nucleotides ( fig. 2) . The two trees from the ORF data agree in defining the major classes, including the newly described class F, and in splitting CL introns into four subgroups (Simon et al. 2008) . Additionally, the two trees establish the CL clade as a deeply branching and diverse monophyletic group. The most notable difference between the two trees is the placement of classes mitochondrial-like, E, and B. Although trees made from both data sets generally predict the three classes to be monophyletic, the internal relationships differ.
Trees inferred from amino acid data were found to be sensitive to taxon sampling, which we hypothesize to be due to stochastic error associated with the small number of characters. In order to increase the number of characters and decrease stochastic error, nucleotide data sets were analyzed. As expected, trees estimated from nucleotide data were less sensitive to taxon sampling and showed improved resolution. These improvements, however, do not necessarily mean that the amino acid estimates are inferior to those based on nucleotide characters. Amino acids are often considered to be superior for large timescales because of their increased number of character states and presumed lower sensitivity to saturation and base composition bias. Although the improved topological stability and resolution in our nucleotide estimate suggests that nucleotide characters are a preferable approach to analyzing group II intron ORFs, we cannot rule out the possibility that the apparent improvements are due to a systematic bias in the analysis that becomes amplified by the expanded number of characters. Hence, we choose not to exclude either tree from 2804 Simon et al. further consideration as an adequate estimate of ORF phylogeny, thereby making a conservative judgment that relationships between ORF classes cannot be established decisively.
A number of classic problems were encountered during phylogenetic analyses, including positional saturation, nucleotide heterogeneity, and sensitivity to taxon sampling. These problems are inherently related to the long timescales involved in the history of group II introns. The history of organellar introns alone spans at least several hundred million years (Kelchner 2002; Yoon et al. 2004) , and bacterial introns are expected to be even older. Nevertheless, we did not find convincing evidence that saturation and heterogeneity in the data sets misled the analyses because reducing the effect of these components by manipulation of the data set did not result in substantial changes in the tree topology.
The topologies shown in figures 2 and 6 allow us to draw several conclusions about the evolution of group II introns and their RTs. With regard to ORF evolution, it is notable that the classes B, mitochondrial-like, and CL all contain an En domain in their IEP, whereas classes C, D, E, and F do not. The most parsimonious explanation for this pattern is that the En domain was acquired once, perhaps in the common ancestor of B, E, mitochondriallike, and CL, followed by a subsequent loss in class E. Given the uncertainty in our phylogeny estimation, other possibilities remain. For example, in some scenarios (such as the amino acid tree shown in figure 2A with a root of either class D or class E), a relatively recent acquisition of the En domain with no losses would be supported.
Second, if one assumes that coevolution of the RNA and ORF is the general rule (discussed below) then figure 2 suggests that the IIA ribozyme structure (ORF class mitochondrial-like) had a relatively recent origin compared with the IIB ribozyme structure (ORF classes B, D, E, F, and CL). This conclusion is dependent on our choice to root the phylogeny estimate with class C, but it is notable that rooting with any class other than mitochondrial-like, E, or B would result in the same conclusion. The conclusion is also consistent with the greater diversity of the IIB introns (B, D, E, F, and CL) compared with IIA introns (mitochondrial-like).
Third, according to the RNA tree shown in figure 6, IIB introns are not a coherent phylogenetic group. In the group II ribozyme literature, RNA secondary structures are classified as IIA, IIB, and IIC, based on the motifs responsible for recognizing the 5# and 3# exons. Interestingly, the sequences of IIA (mitochondrial-like) and IIC (class C) RNAs each form monophyletic groups, whereas IIB introns do not (B, D, E, F, CL). It has been observed previously that the classical features of IIB introns are found in the CL class introns, whereas some of the bacterial classes possess unique features, including variations in the highly conserved domain V (Toor et al. 2001 (Toor et al. , 2002 Simon et al. 2008) . It is expected that classes B, D, E, and F will continue to be classified as IIB, based on the functional criteria of exon recognition; however, it is worth noting that the IIB intron RNAs as a whole are not necessarily monophyletic.
Finally, a more practical conclusion concerns the prospects for future phylogenetic analyses of group II introns. It is expected that the difficulties addressed in the present analysis will be lessened when we focus on more closely related introns. For example, among class C introns, there are 360 alignable ORF amino acids and 300 RNA nucleotides, whereas alignments across classes contain only 230 amino acids and 138 nt. It is probable that increased characters will help to overcome taxon sampling effects and problems associated with nucleotide heterogeneity. Thus, an important result of the current study is that it clearly defines a set of robust lineages and lays the foundation for successful finer scale analyses of group II intron classes in the future.
Evolution of the RNA and Coevolution of the RNA and ORF Previous studies suggested that the RNA component of group II introns and the intron-encoded ORF have coevolved (Fontaine et al. 1997; Toor et al. 2001 ). This observation led directly to the retroelement ancestor hypothesis, which posits that the ancestor of extant group II introns was a bacterial retroelement and that other group II introns evolved from that form. Results from this study support the general conclusion of coevolution (and by extension the retroelement ancestor hypothesis) because the ORF and RNA trees agree in having a number of wellsupported clades of identical taxa (i.e., classes C, D, E, and mitochondrial-like). The only obvious exception to coevolution is with the four CL subclasses of ORFs (CL1 A , CL1 B , CL2 A , and CL2 B ), which do not strictly correspond to the two RNA structural subtypes IIB1 and IIB2. However, the SH and AU topology tests are only capable of detecting an overall significant difference between the RNA and ORF trees, and we did not seek to identify the significance of each specific topological inconsistency. Therefore, sources of conflict other than those involving the CL classes may also exist.
Significant incongruence between RNA and ORF trees may represent either genuine differences in evolutionary histories of the ORF and RNA or sequence convergence due to functional constraints (Kelchner 2002) . That is, sequences may appear to be closely related because they independently evolved the same solution for a functional requirement. Both possibilities are plausible based on what is known about group II introns and their diversity. For example, a mechanism for possible ORF exchange among ribozymes is suggested by the existence of twintrons in archaea and cyanobacteria (Dai and Zimmerly 2003) . Twintrons are created when a group II intron inserts into another group II intron; often the inner intron must splice before the outer intron is capable of doing so (Drager and Hallick 1993) . In principle, a twintron can revert to a conventional intron by the deletion of the inner ribozyme sequence and one of the two ORFs. Depending on which ORF is deleted, this could result in the outer ribozyme being left with the ORF from the now deleted inner intron.
The second explanation for ORF and RNA data set incongruence, that of convergent evolution of sequence, also has a precedent. The related introns Neurospora crassa cox1I1 and Pylaiella littoralis cox1I1 both belong to structural class IIA but contain e' motifs identical to those in IIB introns (Toor et al. 2001) . The e' motif is highly conserved and associated with catalytic activity and consequently Phylogeny of Bacterial Group II Introns 2805 under selective constraint. Because the remainder of the two introns' structures (N. crassa cox1I1 and P. littoralis cox1I1) clearly consist of typical IIA motifs, the e' motif anomaly is most easily explained as the independent evolution of the IIB sequence motif by nucleotide substitutions that maintain its critical function.
In the present broadscale study of group II intron relationships, only sequence from highly conserved structural regions could be used in the analyses. It is probable that these regions have experienced some degree of sequence convergence similar to the e' example discussed above. Although we are unable to distinguish whether convergence contributes to the incongruence found in our study, we should be able to do so in future phylogenetic analyses that will focus on each of the robust class lineages resolved in figure 2. By using only closely related introns within a particular class, the number of characters available for analysis will increase and the potentially misleading effects of convergence on phylogenetic analyses should be diminished.
The primary cause of limited resolution in the RNA tree is likely to be the low number of characters (138 nt) available for analysis, although other factors may contribute. For example, standard phylogenetic models have primarily been developed for use with coding sequences and may not be as effective for determining evolutionary relationships of RNA sequences. In this study, however, the major clades recovered in the RNA tree are corroborated by diagnostic secondary structural features (Toor et al. 2001; Simon et al. 2008 ) whose motifs did not contribute to the nucleotide data sets used in our analyses. We find this structural confirmation of resolved clades encouraging, and it suggests that one approach to further resolution within and among intron lineages is to incorporate structural information into future analyses.
Prospects for Evolutionary Analysis of Other Intron and Retroelement Sequences
Phylogenetic analyses of RTs are common in the literature and have been used to address diverse questions such as the classification of retroelements and retroviruses, reconstruction of the spread of viral strains, prediction of horizontal transfers, and elucidation of the origin of elements such as telomerase (Xiong and Eickbush 1990; Metzker et al. 2002; Arkhipova et al. 2003; Kordis et al. 2006; Han et al. 2007 ). Our study suggests that phylogenetic analyses of any ancient diversification events involving such RT sequences will be prone to error and that predicted relationships among any of the major classes must be approached with caution. Many of the problems confronted in our study are likely to exist in data sets of other RT-containing elements, as well as group I introns. Like group II introns, the evolutionary histories of these elements span very long timescales, and they will usually have a limited number of characters suitable for phylogenetic analysis. It is probable that such data sets will be sensitive to taxon sampling and suffer from mutational saturation and base composition heterogeneity, at least to the extent as observed for group II introns. Therefore, for example, the precise relationship among group II introns, retrons, and non-LTR elements may be impossible to infer confidently from sequence data alone. For any such analyses, we believe that it is important to recognize the limitations of each data set for phylogenetic estimation and to consider those limitations when interpreting the phylogenetic results. Phylogenetic analyses should be designed to detect sensitivity of both topology and support values to changes in taxon sampling and method.
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